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INTRODUCTION
Polyamines putrescine, spermidine and spermine are small aliphatic cations necessary for cell growth. If the cells are deprived from their polyamines they will stop dividing, resuming their proliferation rates after restoration of normal polyamine levels [1, 2] . Polyamine content in the cell is tightly regulated: in addition to synthesis (via ornithine decarboxylase, synthesising putrescine from ornithine; and Sadenosylmethionine decarboxylase, an aminopropyl donor, synthesising spermidine and spermine), all mammalian cells are equipped with an efficient polyamine uptake system, regulated by mitogens [3] [4] [5] [6] and capable of supplying the rapidly proliferating cells with increasing amounts of polyamines from the extracellular space.
Intestinal lumen is the main exogenous source of polyamines for the body. The prevailing polyamine in the intestinal lumen, putrescine, is present in human diet in high amounts [7, 8] . In particular, food of plant origin contain excessive amounts of putrescine, while meat and meat products are rich in other two polyamines, spermidine and spermine. Postprandial putrescine concentrations in the duodenal and jejunal lumen can reach millimolar levels [9] . However, not longer than 2 h after meal, luminal polyamine content returns to baseline. Luminal putrescine is rapidly converted to metabolically active spermidine already in the intestinal wall [10, 11] . However, surprisingly little is known about absorption mechanisms of luminal putrescine and its final metabolic fate, in spite of the findings that outlined the importance of luminal putrescine (and other polyamines) in both normal and neoplastic growth throughout the body. Luminal polyamines were found to support tumor growth [12] , and are found to accumulate in tissues of high demand, i.e., high proliferation rate, such as neoplasia [13, 14] or skeletal muscle stimulated to grow by clenbuterol [15] . To elucidate the mechanisms of putrescine absorption from the intestinal lumen, we used Caco-2 cells grown on permeable filters as an experimental model. Caco-2 cells originate from human colonic adenocarcinoma, but after two weeks in culture, spontaneously differentiate into an enterocyte-like phenotype [16] . These cells form monolayers with well-developed tight junctions [17] , and have been evaluated in detail as a model to study both transcellular and paracellular transport of nutrients and drugs in the gut [17] [18] [19] [20] .
MATERIALS AND METHODS Materials
EGF (human recombinant, expressed in S. cerevisiae), unlabelled putrescine, spermidine and spermine were purchased from Sigma Chemie (Deisenhofen, Germany).
[
3 H]-putrescine was obtained from Amersham Buchler (Braunschweig, Germany). Cell culture media and supplements were purchased from Gibco BRL (Eggenstein, Germany).
Methods
Cell culture Caco-2 cells were obtained from the German Cancer Research Centre, Heidelberg. Cells of passage number 49-56 were used. The cells were maintained in Dulbecco's modified Eagle medium (DMEM) containing 4.5 g/L glucose and 25 mM Hepes, supplemented with 10% foetal calf serum, 100 U/mL benzylpenicillin and 10 mg/L streptomycin. The medium was changed every second day. The cells were routinely checked for Mycoplasma in monthly intervals.
For the experiments, the cells were expanded in tissue culture flasks (225 cm 2 growth area), detached by treatment with 0.5 g/L trypsin and 0.2 g/L EDTA in PBS, and, to allow monolayers to be formed and uptake to be studied in conditions closely resembling this in the human intestinal epithelium, reseeded to 10 cm 2 cell culture filters (ANOPORE; Nunc, Roskilde, Denmark); 2 × 10 6 cells were seeded to each plate. After 24 h, 1.5 mL of the medium was replaced with fresh medium and further maintenance was done as described above.
Putrescine uptake studies Cells were monitored for confluence by phase contrast microscopy. Confluence was reached at average after 6 or 7 days of culture. Confluent (day 7) or differentiated (day 14) Caco-2 cells were washed twice with PBS and synchronised in serum-free DMEM overnight. The studies on polyamine uptake into Caco-2 cells were done by adding 50 µM of each polyamine (0.1 µCi/mL) to the cell culture wells. After the desired period uptake was terminated by washing the cell monolayers twice with cold PBS to remove non-absorbed radioactivity from the cell surface. The filters were then removed by cutting using a sterile scalpel, and the cells were permeabilised with 1N NaOH, neutralised with 1 N HCl and the radioactivity was measured by standard liquid scintillation counting.
In the experiments where a known enhancer of polyamine uptake into the cells, EGF was used, the procedure was carried out by the same manner except that the cells were incubated with 100 µg/L EGF for 12 h prior to the uptake experiments. Because EGF receptors in both confluent and differentiated Caco-2 cells are localised predominantly at the basolateral side [21] , EGF was routinely added only to the basolateral chamber.
Permeability of putrescine across Caco-2 cell monolayers Transport studies using radiolabelled putrescine were performed on Caco-2 cells cultured on permeable filters. All experiments were carried out at 37 in serum-free DMEM under 'sink' conditions, as described by Artursson [18] [19] [20] , using Caco-2 monolayers which were 14 days old. Transepithelial resistance was routinely measured using Millicell TER chamber (Millipore, Eschborn, Germany), and the value of 250 Ohm × cm 2 was considered sufficient to allow permeability studies.
In brief, all solutions were preheated to 37 and the experiments were performed at 37 ± 1 on a custom-built heating plate. The cell monolayers were washed with preheated DMEM and equilibrated in the same medium for 20-25 minutes prior to the transport experiments. The filters were then transferred to wells containing 1.2 mL fresh preheated DMEM. One millilitre DMEM containing radiolabelled test substance was added to the apical ("donor") chamber. The [ 14 C]-mannitol (MW 182, comparable to molecular weight of putrescine -161.1) was used as a marker molecule to assess the integrity of the monolayers during the experiment. Radioactivity was used at concentrations of 10 000 or 20 000 Bq/mL for Caco-2 monolayers. Samples were taken from the apical solutions in order to measure the initial donor concentration. At four regular time intervals, the inserts were moved to new wells and samples were taken from the basolateral solution. All samples were analysed directly as described below.
The possible effect of putrescine adhesion to permeable supports was investigated by comparing the diffusion of [ Analytical methods S-adenosylmethionine -decarb oxylase activity in Caco-2 cells was assayed as described before [22] , by measuring the amount of Calculations The apparent permeability coefficient (P app , cm/s) was determined according to the following equation [18] [19] [20] :
where K is the steady state rate of change in concentration in the receiver chamber (C t /C 0 ) versus time (s), C t is the concentration in the receiver compartment at the end of each time interval, C 0 is the initial concentration in the apical chamber at each time interval (mole/mL), Vr is the volume of the receiver chamber (mL) and A is the surface area of the filter membrane (cm 2 ).
Statistics
The results were expressed as mean values ± SEM of four to six experiments. One-way ANOVA was used to compare means. A 95% probability was considered significant.
RESULTS

Basal and EGF-stimulated putrescine uptake in Caco-2 cells
Caco-2 cell monolayers were incubated with and without 100 µg/L EGF for 12 hours and then with 50 µM radiolabelled putrescine for different time intervals. Uptake rate of putrescine increased rapidly and was significantly higher in confluent than in differentiated Caco-2 cells (Figure 1 ). In confluent, 7 days old cells, EGF-induced putrescine uptake was significantly higher than in differentiated 14 days old cells, basolateral uptake being markedly higher than apical uptake when the cells were stimulated with EGF.
Transepithelial permeability of putrescine
The transepithelial resistance in Caco-2 cell monolayers reached a plateau of 234 ± 12 Ohm × cm 2 after approximately one week in culture and maintained this value for at least 40 days in culture, which was in agreement with previous findings [18] [19] [20] . Such monolayers of Caco-2 cells transported [ 14 C]-mannitol with P app of 22 ± 4 × 10 6 cm/s, which was another proof of their well developed tight junctions and full functional integrity. When physiological amounts of putrescine (100 µM; 0.1 µCi/mL) was added to the apical chamber and flux into the basolateral chamber measured over time, transport was linear. Almost the entire applied concentration diffused to the basolateral chamber within a 60 min experimental period (Figure 2 ). Apparent permeability constants (P app ) for putrescine was in the range of 18-35 × 10 6 cm/s, which was similar to Papp of the standard marker for paracellular permeability, mannitol (Figure 3 ). There was no change in P app values when the cells were incubated in a balanced salt solution without glucose (data not shown). A 12 h incubation with 100 µg/L EGF stimulated not only putrescine uptake in CaCo-2 cells ( Figure  1 ), but also its conversion to spermidine and spermine. This conclusion was based on the finding t h a t E G F s t i m u l a t e d t h e a c t i v i t y o f Sadenosylmethionine decarboxylase, the enzyme responsible for conversion of putrescine to spermidine and spermine by approx imately 90% (control: 114 ± 9 pmol CO 2 /mg protein, vs EGF: 201 ± 8 pmol CO 2 /mg protein, P<0.01). To investigate whether an increase of putrescine uptake in the intestinal epithelium can be more profoundly increased by a potent growth stimulus such as EGF (and therefore its general absorption influenced), we preloaded control and EGF-treated Caco-2 cell monolayers with physiological concentrations of putrescine (100 µmol), allowed to incubate for 2 h (time period previously shown to be sufficient for maximal uptake) [5] , then washed the monolayers with PBS to remove non-absorbed radioactivity, and transferred to radioactivity-free cell culture wells. Release of the radioactivity originating from exogenous putrescine to the basolateral chamber in both control and EGF-treated cells was initially rapid, reaching plateau not earlier than after 6 h incubation (Figure 4 ). Up to 24 h only minute amounts of the radioactivity was released across the basolateral membrane, the values not exceeding 45 pmol; EGF did not have major influence on putrescine release.
DISCUSSION
Our results indicate that putrescine transport through the intestinal epithelial barrier is linear, the levels taken up by the epithelial cells not exceeding 0.5% of those passively transported across the intestinal epithelium. Treatment with EGF, known to up-regulate putrescine uptake in Caco-2 cells, did enhance putrescine accumulation in Caco-2 cells, but this had no overall impact on net transport of putrescine across the intestinal epithelium, in concentrations shown to exist postprandially in the intestinal lumen [9] . In spite of all limitations of the model used (i.e., absence of subepithelial tissue, inability to measure possible rapid metabolisation of absorbed putrescine in the intestinal wall), our data lead to the conclusion that, in the gut, putrescine is absorbed exclusively by passive diffusion.
A number of studies done in different experimental models show that polyamines rapidly disappear from the intestinal lumen after meal and are rapidly distributed in the body, being directed to tissues with highest demand, i.e. with the highest proliferation rate [23] . Our data may provide an explanation about the possible mechanism for the rapid disappearance of dietary putrescine from the gut lumen. At physiological pH putrescine is fully charged. Small, charged and hydrophilic molecules are usually absorbed via the paracellular pathway, and their transport is additionally facilitated by solvent drug [24] . Indeed, in our experimental model, permeability constant for putrescine did not significantly differ from this of a distinct paracellular marker sized similar to putrescine, mannitol ( Figure 2) .
The presence of several hundreds of micromoles putrescine in the postprandial duodenal and jejunal lumen, while its concentration in blood and tissues hardly exceeds tens of micromoles, clearly rises a need to offer an explanation for such a high supply and low utilisation of this polyamine in the body. Excess luminal putrescine has recently been attributed as an instant energy source in the gut [25] . Furthermore, endothelial cells in the gut are rich in diamine oxidase, the enzyme able to degrade excess putrescine to succinate and GABA [26] . In the only study of this kind done in humans, disappearance of putrescine from the human intestinal lumen was found to be linear; however, the amounts of putrescine itself, shortly after the putrescine-rich test meal, showed that no free putrescine was detectable in blood. Instead, its acetylated derivative was rapidly and markedly increased, while the amounts of spermidine and spermine increased less rapidly but progressively [27] . All these data may fit well into the hypothesis that putrescine, as well as other two polyamines, cross the intestinal epithelial barrier passively, and that they are then both rapidly metabolised in situ and used as an instant energy source, or, also rapidly, metabolised into spermidine and spermine and then transported throughout the body.
Apart from transport across the intestinal epithelium, small amounts of putrescine in our study were also taken up by enterocyte-like Caco-2 cells. Putrescine uptake was also stimulated by EGF. Perhaps surprisingly, this uptake was higher across the basolateral then the apical membrane, and the difference was further increased after stimulation with EGF. The role of basolateral polyamine uptake when the gut is stimulated to grow has been described before [28] [29] [30] , and putative polyamine transporters at the basolateral membrane of the enterocyte has been well characterised at the biochemical level [31, 32] . Our data might also additionally confirm an interesting hypothesis that polyamines, via local circulation in the intestinal wall, do reach the enterocyte via their basolateral membranes rather than directly, via the brush border membrane of the enterocyte [33] .
In conclusion, our data show that putrescine crosses the intestinal epithelial barrier passively, while only minor amounts are taken up by intestinal epithelial cells. Our data provide an explanation for a known rapid disappearance of dietary polyamines from the intestinal lumen, and their rapid distribution in the body, where they then exert their known growth-related actions.
